Evolutionary conserved breakpoints in Old and New World monkeys and their relation to fragile sites observed in Homo sapiens by Fan, Xiaobo
  
Evolutionary conserved breakpoints in Old 
World Monkeys and New World Monkeys 
and their relation to fragile sites observed 





in partial fulfilment of the requirements for the degree of 
doctor rerum naturalium (Dr. rer. nat.) 
 
submitted to the Faculty Council of the School of Medicine 
at Friedrich Schiller University of Jena 
 
 
by M.Sc. Fan Xiaobo 
born on 28.09.1984 in Xu Zhou, China 














1. PD Dr. rer. nat. / med. habil. Thomas Liehr 
    Institute of Human Genetics, Friedrich Schiller University of Jena 
2. Prof. Dr. rer. nat. Wim Damen 
    Faculty of Biology and Pharmacy, Friedrich Schiller University of Jena 
3. PD Mag. Dr. rer. nat. Irmgard Verdorfer 
    Department of Pathology, Medical University of Innsbruck 
 
Date of the public disputation: 06.07.2016







To my beloved parents and to my future family. 
 
 
To all of those, who supported and encouraged me. 
 
 
To those who keep on advancing for pursuing a dream. 
 




Dedication ..................................................................................................................... i 
Contents ...................................................................................................................... ii 
Abbreviations .............................................................................................................. iv 
Summary .................................................................................................................... vi 
Zusammenfassung .................................................................................................... vii 
1. Introduction .......................................................................................................... 1 
1.1 Cytogenetics .................................................................................................. 1 
1.1.1 Classical and banding cytogenetics ........................................................ 1 
1.1.2 Fluorescence in situ hybridization (FISH) and FISH probes.................... 1 
1.1.3 Chromosomal rearrangements and breakpoints ..................................... 3 
1.2 Fragile sites ................................................................................................... 4 
1.2.1 Common fragile sites and rare fragile sites ............................................. 4 
1.2.2 Fragile site in primates ............................................................................ 6 
1.2.3 Fragile sites in human disease ................................................................ 7 
1.3 Cytogenetics in New and Old World Monkeys ............................................... 7 
1.3.1 Old World Monkeys ................................................................................. 9 
1.3.2 New World Monkeys ............................................................................. 12 
1.4 Goals of study/questions worked on ............................................................ 14 
2. Results ............................................................................................................... 15 
2.1 Article No. 1 ................................................................................................. 17 
2.2 Article No. 2 ................................................................................................. 25 
2.3 Article No. 3 ................................................................................................. 31 
   ii 
 
Contents 
2.4 Article No. 4 ................................................................................................. 35 
2.5 Article No. 5 ................................................................................................. 39 
2.6 Article No. 6 ................................................................................................. 43 
2.7 Article No. 7 ................................................................................................. 48 
3. Discussion .......................................................................................................... 59 
3.1 Comparison and limitations of applied and available approaches ............... 60 
3.2 Relationship between observed ECBs and FSs .......................................... 61 
3.3 Implications of obtained results for understanding of breakpoints observed in 
human genetic diagnostics .................................................................................... 63 
3.4 Impact of the conducted research in evolutionary research ........................ 65 
3.4.1 ECBs and phylogeny ............................................................................ 65 
3.4.2 Centromere positioning in OWM and NWM .......................................... 66 
4. Conclusion and Outlook ..................................................................................... 69 
5. References ............................................................................................................ I 
6. Appendix ........................................................................................................... XVI 
The lists of unpublished data ................................................................................... XVI 
Curriculum Vitae ................................................................................................... XXVI 
Acknowledgements .............................................................................................. XXXI 
Ehrenwörtliche Erklärung ..................................................................................... XXXII 




ACA Alouatta caraya 
aCGH Array-comparative genomic hybridization 
AD Alzheimer's disease 
AIDS Acquired immunodeficiency syndrome 
BAC Bacterial artificial chromosome 
BrdU Bromodeoxyuridine 
CAE Chlorocebus aethiops 
CAP Cebus apella 
C-bands Constitutive heterochromatin bands 
cFSs Common fragile sites 
CGH Comparative genomic hybridization 
CJA Callithrix jacchus 
CML Chronic myelogenous leukemia 
CNI Cebus nigrivittatus 
CNVs Copy number variations 
CPA Cebus apella paraguayanus 
DNA Deoxyribonucleic acid 
DOP-PCR Degenerate oligonucleotide primed polymerase chain reaction 
ECBs Evolutionary conserved breakpoints 
FdU Fluorodeoxyuridine 
Fig. Figure 
FISH Fluorescence in situ hybridization 
FSs Fragile sites 
G-bands Giemsa dye based bands 
GGO Gorilla gorilla 
HCM-FISH Heterochromatin mix fluorescence in situ hybridization 
HLA Hylobates lar 
HSA Homo sapiens   
ITSs Interstitial telomeric sequences 
Kb Kilobase 
MAR Macaca arctoides 
   iv 
 
Abbreviations 
MAS Macaca assamensis 
MCB Multicolor banding 
MFA Macaca fasciculars 
M-FISH Multiplex-FISH using whole chromosome paints 
MMU Macaca mulatta 
MNE Macaca nemestrina 
MSP Mandrillus sphinx 
MSY Macaca sylvanus 
NGS Next-generation sequencing 
NHPs Non-human Primates 
NORs Nucleolus organizing regions (bands) 
NWMs New World Monkeys 
OMIM Online Mendelian Inheritance in Man 
OWMs Old World Monkeys 
PACs P1-derived artificial chromosome 
PD Parkinson's disease 
PPY Pongo pygmeu 
PTR Pan troglodytes 
Q-bands Quinacrine dihydrochloride 
R-bands Reverse staining bands 
rFSs Rare fragile sites 
SBO Saimiri boliviensis 
SKY Spectral karyotyping 
SSC Saimiri sciureus 
STRs Short tandem repeats 
SubcenM-FISH Subcentromeric multicolor fluorescence in situ hybridization 
TB Tuberculosis 
T-bands Telomeric bands 
TCR Trachypithecus cristatus 
TSGs Tumor suppressor genes 
WBS Williams–Beuren syndrome 
WCP Whole chromosome paints 
YACs Yeast artificial chromosome 




Evolutionary conserved breakpoints (ECBs) in Old World Monkeys (OWMs) and New 
World Monkeys (NWMs) are localized in particular chromosomal bands and prone to 
breakage during the phylogeny. Similarly, fragile sites (FSs) are specific regions in 
Homo sapiens (HSA) which can be induced to form gaps or breaks. Notably, FSs can 
be involved in chromosomal rearrangements in cancer, owing as targets of 
carcinogens; also FSs have been positively correlated with breakpoints of 
constitutional rearrangements in human. Thus, a comparative study of the relation of 
ECBs and FSs is necessary to uncover the common underlying principles of 
chromosomal alterations in human diseases and evolution. Chromosomal 
homologies of HSA and OWMs/NWMs have previously been studied by chromosome 
banding and fluorescence in situ hybridization (FISH). However, due to limitations in 
resolution of such techniques, in this study I applied for the first time multicolor 
banding (MCB) probe sets complemented with selected locus-specific and 
heterochromatin specific probes to characterize ECBs in Hylobates lar (HLA; here 
also microdissection combined with array-techniques was applied), eight OWMs and 
four NWMs, such as Trachypithecus cristatus (TCR), Macaca nemestrina (MNE), 
Macaca sylvanus (MSY), Macaca fascicularis (MFA), Chlorocebus aethiops (CAE), 
Alouatta caraya (ACA), Cebus apella (CAP), Callithrix jacchus (CJA), Saimiri 
sciureus (SSC), Macaca mulatta (MMU), Macaca arctoides (MAR) and Macaca 
assamensis (MAS). Thus, numerous new ECBs were characterized for the first time 
in detail, and centromeric positions in several species could be redefined. In HLA 92 
ECBs were accessible by the used approach and overall, this study identified 73 
ECBs in TCR, 53 identical ECBs for all studied macaque species, 41 in CAE, 51 in 
ACA, 44 in CAP, 47 in CJA and 64 in SSC. Also the results showed that the monkey 
chromosomes homologous to human #3, #7 and #9 presented enhanced rates of 
ECBs both in OWMs and NWMs. ECBs of NWMs and OWMs could be followed 
during evolution and aligned with FSs observed in HSA. Most interestingly more than 
60% of ECBs co-localized with known FSs and ~70% of ECBs corresponded to 
breakpoints that can be observed in human disorders. For medical field this data is 
important as FSs now clearly were aligned on molecular level with ECBs. In other 
words the disease associated chromosomal defects, seem at least in parts be due to 
breakage prone regions of the mammalian genome. 




Evolutionär konservierte Bruchpunkte (ECBs) in Alt- (OWMs) und Neuweltaffen 
(NWMs) sind in bestimmten chromosomalen Banden lokalisiert und anfällig für 
Bruchereignisse während der Phylogenie. Weiterhin gibt es sog. fragile Sites (FSs) 
die in bestimmten Regionen unter entsprechender Induktion im Genom von Homo 
sapiens (HSA) auftreten können, und sich als Lücken oder Brüche darstellen. 
Bemerkenswert ist, dass FSs mitkrebsassoziiertem Chromosomenaberrationen 
assoziiert wurden, wo sie als Ziele von Karzinogenen dienen können; außerdem 
wurden FSs auch schon positiv mit konstitutionellen Bruchpunkten von HSA 
korreliert. Somit ist eine vergleichende Studie über die Beziehung von ECBs und FSs 
dringend erforderlich, um gemeinsame zugrundeliegenden Prinzipien von 
chromosomalen Veränderungen beim Menschen und innerhalb der Evolution 
aufzudecken. Chromosomale Homologien von HSA und OWMs / NWMs wurden 
bereits früher mittels Chromosomenbänderungsanalyse und Fluoreszenz-in-situ-
Hybridisierung (FISH) untersucht. Jedoch hatten derartige Studien nur ein 
beschränkte Auflösung, so dass ich in hier erstmals das hierfür besser geeignete 
multicolor-banding (MCB), ergänzt durch ausgewählte lokus- und Heterochromatin 
spezifische Sonden zur ECB-Charakterisierung einsetzte; und zwar bei Hylobates lar 
(HLA, hier wurde auch mit Array-Techniken kombinierte Mikrodissektion angewandt), 
acht OWMs und vier NWMs, namentlich Trachypithecus cristatus (TCR), Macaca 
nemestrina (MNE), Macaca sylvanus (MSY), Macaca fascicularis (MFA), 
Chlorocebus aethiops (CAE), Alouatta caraya (ACA), Cebus apella (CAP), Callithrix 
jacchus (CJA), Saimiri sciureus (SSC), Macaca mulatta (MMU), Macaca arctoides 
(MAR) und Macaca assamensis (MAS). Durch diesen Ansatz wurden zahlreiche 
neue ECBs erstmals detailliert charakterisiert und Zentromer-Positionen bei 
verschiedenen Spezies neu definiert. In HLA wurden 92 ECBs durch den 
verwendeten Ansatz zugänglich und insgesamt in dieser Studie identifiziert wurden 
73 ECBs in TCR, 53 identische ECBs für alle untersuchten Makaken Arten, 41 in 
CAE, 51 in ACA, 44 in der CAP, 47 in CJA und 64 SSC. Darüber hinaus zeigten die 
Ergebnisse, dass diejenigen Affen-Chromosomen die homolog zu den Menschlichen 
#3, #7 und #9 sind, erhöhte Raten an ECBs sowohl in OWMs und NWMs aufwiesen. 
ECBs der NWMs und OWMs konnten im Verlauf ihrer Evolution verfolgt und die 
ECBs konnten mit FSs in HSA abgeglichen werden. Interessanterweise 
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Zusammenfassung 
kolokalisierten mehr als 60% der ECBs mit bekannten FSs und ~70% der ECBs 
entsprachen Bruchpunkten, die in bei menschlichen Erbkrankheiten beobachtet 
werden können. Für den medizinischen Bereich sind diese Daten deshalb wichtig 
weil FSs nun erstmals auf molekularer Ebene mit ECBs in Zusammenhang gebracht 
werden konnten. Mit anderen Worten, die krankheitsassoziiertem 
Chromosomendefekte scheinen zumindest teilweise aufgrund von bruchanfälligen 
Regionen des Säugetiergenoms zu entstehen. 





Cytogenetics is a field of genetics including studies on the numbers, structures, 
function and evolution of chromosomes in human, animals and plants. In 1882, 
Walther Flemming discovered the fibrous network within the nucleus, which was 
designated as chromosomes by Wilhelm von Waldeyer (O'Connor and Miko 2008). In 
the early of 1900s, Boveri postulated the linkage between chromosome and heredity. 
Finally it was Hunt Morgan who proved that genetic material is located on the 
chromosomes. Interestingly it was not before 1956, that the correct model 
chromosome number in man was determined as 46 (Tjio JH and Levan A. 1956). 
After this important finding the field of human cytogenetics was able to grow. 
 
1.1.1 Classical and banding cytogenetics 
The era of diagnostic cytogenetics started with the discovery that Down syndrome is 
due to trisomy 21 in 1958 (Lejeune et al.1958). From then on, cytogenetics played a 
significant role in human chromosomal aberration and disease diagnosis, which even 
became more important with the development of chromosome banding techniques 
such as Q-, G-, C- and NOR banding. In 1969, Q-banding as the first chromosome 
banding approach was able to characterize a complete human karyotype using 
quinicrine fluorescent staining (Caspersson et al.1969). Meanwhile, also C-banding 
was reported as being helpful to study constitutive heterochromatin (Pardue and Gall 
1970). Giemsa staining in human chromosomes with trypsin modification was 
established in 1971 (Seabright 1971), distinguishing unique banding patterns of each 
chromosome under a bright field microscope. In 1975, Yunis and coworkers 
established experimental conditions to obtain high resolution of up to 1,000 bands 
per haploid chromosome set (Yunis and Sanehez 1975). Nowadays, G-banding has 
become the routine chromosome analysis technique. Besides above mentioned, 
there are other staining methods including reverse banding (R-banding) telomeric 
banding (T-banding) and nucleolus organizing regions (NORs) staining. 
 
1.1.2 Fluorescence in situ hybridization (FISH) and FISH probes 
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Despite the high-resolution G-banding (resolution of ~3Mb) is effective in detection of 
chromosomal aberrations (Bishop 2010), small and complex chromosomal 
aberrations still could escape detection. To overcome this limitation, a new technique 
using fluorescence labeled DNA sequences to label specific chromosomal regions, 
was introduced in the 1980s to support banding cytogenetic analysis. This method 
was termed fluorescence in situ hybridization (FISH). Until now, many different kinds 
of FISH probes were introduced, as outlined below. 
In 1986, Pinkel and coworkers used plasmid DNA labeled with fluorescent dyes to 
hybridize the whole human Y-chromosome (Pinkel et al. 1986). These probes were 
called whole chromosome paints (WCPs) and labeled by nick-translation. In 1992, 
WCP probes were generated by flow sorting and labeled by degenerate 
oligonucleotide primed polymerase chain reaction (DOP-PCR) to overcome 
limitations of plasmid libraries (Telenius et al. 1992). Afterwards, construction of WCP 
probes by microdissection was reported to be even more reliable (Guan et al. 1994). 
Overall, WCPs became an effective tool to identify chromosomal aberrations in wide 
range of clinical cytogenetics. 
However, for detection all human chromosomes at the same time, in 1996, Speicher 
and coworkers labeled each chromosome via a different fluorochrome composition 
(Speicher et al. 1996); this technique was called multiplex-FISH (M-FISH). In parallel, 
Evelin Schröck and colleagues established multicolor spectral karyotyping (SKY), 
which is based on a different kind of image acquisition (Schröck et al. 1996). Both of 
them M-FISH and SKY served to characterize translocations and complex 
aberrations, but failed to identify intrachromosomal rearrangements (see Fig. 1). 
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Figure 1. The pattern of chromosomal rearrangements and cytogenetic techniques for 
identifying them. Abbreviations: M-FISH, multiplex FISH; SKY, spectral karyotyping; CGH, 
comparative genomic hybridization; MCB, multicolor chromosome banding(adapted from 
Bakker et al. 2015). 
In 2002 a new FISH probe set, called multicolor banding (MCB), was finalized and 
based on overlapping, sub-chromosomal band specific microdissection libraries that 
were labeled with a series of fluorescent combination along each chromosome (Liehr 
et al. 2002). In the contrast to WCP-based M-FISH, MCB is suitable for 
characterization of interchromosomal and intrachromosomal rearrangements in 
clinical cytogenetics (Fig. 1), but also works well in the field of comparative 
cytogenetic interspecies studies (Mrasek et al. 2003). 
Besides M-FISH and MCB, comparative genomic hybridization (CGH) is another 
basic FISH-approach. For CGH whole genomic test and normal control DNA labeled 
with different colors are applied to normal human chromosome preparations and thus 
enable detection of chromosomal deletions and duplications (Kallioniemi et al. 1992). 
In 1998 array-based CGH (aCGH) was developed enabling a much higher resolution 
than CGH (Pinkel et al. 1998); still neither CGH nor aCGH could be used yet in 
interspecies studies reasonably. 
Finally, locus specific probes that bind to DNA sequences of specific chromosomal 
regions are available; they can be used e.g. for breakpoint location. It is noteworthy 
that the different size of specific sequences depend on the used cloning vectors and 
range from cosmid (average 45kb) to bacterial artificial chromosome (BACs), P1-
derived artificial chromosome (PACs) and yeast artificial chromosome (YACs) (80 
kb±1 Mb). Locus specific probes are widely applied to provide information of genetic 
rearrangements, deletions, and amplifications (Kearney 2001). Additionally, 
establishing marker order and determining centromere repositioning were also 
conducted by BAC-based FISH (Rocchi et al. 2012, Graphodatsky et al. 2012). 
 
1.1.3 Chromosomal rearrangements and breakpoints 
Chromosomal rearrangements contain two main subtypes: balanced and unbalanced 
ones. Balanced rearrangements can e.g. be inversions, insertions or balanced 
translocations. Furthermore, inversion can be pericentric, i.e. include the centromere 
or paracentric involving only one chromosome arm. Reciprocal translocations and 
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Robertsonian translocations are the two major types of balanced translocations. 
Unbalanced chromosomal rearrangements comprise deletions, duplications and 
unbalanced translocations, and cause dosage changes of chromosomal material 
(Griffiths et al. 1999, Huang et al. 2004). Any kind of chromosomal rearrangements 
can be observed in as constitutional or acquired changes in human (Abeysinghe et 
al. 2003). Chromosomal rearrangements are also one major driver of evolution and 
speciation (Ehrlich et al. 1997, Rieseberget al. 2001). Some of them involved 
breakpoints remain stable during evolution, and are recognized as evolutionary 
makers of structural chromosomal changes (Ruiz-Herrera and Robinson 2008); such 
break events are termed evolutionary conserved breakpoints (ECBs). The reasons 
why specific regions in the human genome are more breakpoint prone than other 
ones is a yet understudied field of research.  
 
1.2 Fragile sites 
Fragile sites (FSs) are inducible microscopically visible gaps, constrictions or breaks 
on chromosomes, which are distributed non-randomly along the human genome. FSs 
are caused by inhibition of DNA synthesis when cells are induced to grow under 
specific culture requirements and the presence of certain chemical agents. In the 
1970, the term ‘fragile site’ was initially used for a heritable polymorphic condition of a 
human chromosome 16. Until now, there are more than 200 FSs identified in human 
(Ruiz-Herrera et al. 2006, Mrasek et al. 2010). FSs are discussed to play a role in 
tumor chromosomal rearrangements, for example generation of cancer-specific 
translocations and also are discussed for a few ECBs in primates (Burrow et al. 2011, 
Arlt et al. 2006). According to their frequency in the human population, FSs are 
classified as two groups: common fragile sites (cFSs) present in all individuals as a 
part of normal chromosomal structure, and rare fragile sites (rFSs), found in small 
portion of population with frequencies of 5% (Aqeilan 2014). 
 
1.2.1 Common fragile sites and rare fragile sites 
According to different chemical inducible agents, cFSs are subdivided into 3 groups: 
aphidicolin, 5-azacytidine and bromodeoxyuridine (BrdU) inducible ones (Durkin and 
Glover 2007). cFSs in the different chromosomal regions present different 
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frequencies; thus the most frequent FSs are in FRA3B at 3p14.2, FRA2G at 2q31, 
FRA6E at 6q26, FRA7H at 7q32.3, FRA16D at 16q23 and FRAXB at Xp22.3 with 
frequencies of ~ 15%, even up to 30% in some individuals (Lukusa and Fryns 2008). 
In contrast to cFSs, rare fragile sites (rFSs) are detectable much less frequently, e.g. 
1.2% for FRA10B or 2.5% for FRA16B. According to their different modes of 
induction in cells, rFSs are further subdivided into two groups: folate sensitive and 
non-folate sensitive fragile sites, folate sensitive rFSs are expressed in folic acid-
deficient medium, and non-folate sensitive rFSs are induced after cell growth with 
BrdU and/or distamycin A (Lukusa and Fryns 2008).  
 
Figure 2. Model of common fragile site (cFS) expression. This model shows that cFSs 
come from regions of unreplicated single-stranded DNA (ssDNA) that appear at a stalled 
replication fork due to treatment with aphidicolin. In the box, RPA (the ssDNA binding protein) 
coats the unreplicated ssDNA regions to recruit ATR, which plays a role in DNA damage 
response checkpoints. BRCA1, SMC1 and the Fanconi anemia (FA) pathway proteins could 
target or modify the ATR-regulated pathway to influence FS formation. RAD51 and DNA-PK 
proteins restore the replication fork to properly repair these regions, but if these regions 
escape checkpoint control, this results in an unreplicated region. Thus, escaping repair will 
lead to appearance of an FS or a DSB (adapted from Glover et al. 2005 and Durkin et al. 
2007). 
The putative mechanism of cFS formation is shown in Fig. 2. AT-rich-dinucleotide 
flexibility islands can serve here as aphidicolin-inducible cFSs. Additionally, 
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aphidicolin plays a role in further delay in replication of the fragile region, while the 
AT-rich repeat sequences increase superhelical density and cause deficiency of 
topoisomerase activity. Finally, nonreplicated DNA regions make chromosomal 
structures unstable and lead to microscopically visible gaps or breaks (Lukusa and 
Fryns 2008).  
Similar to cFSs, the molecular basis of rFSs has been presented for folate sensitive 
rFSs: those are caused by CCG/CGG-repeat expansion. Non-folate sensitive rFSs 
are due to high repeat expansion of AT-rich minisatellite. These expanded di- or 
trinucleotide repeats sequences can cause superhelical density change and form 
stable secondary non-B DNA structures to perturb the replication progression and 
result in breaks (Arlt et al. 2006). 
 
1.2.2 Fragile site in primates 
Besides inducible FSs in HSA, also FSs have been reported in some primate species. 
In 1984, blood of chimpanzee (Pan troglodytes; PTR) and gorilla (Gorilla gorilla; GGO) 
was induced by fluorodeoxyuridine (FdU) and caffeine, and resulted in fifty and forty-
six FSs, respectively (Yunis and Soreng 1984). In 1990, PTR, GGO and orangutan 
(Pongo pygmeu; PPY) were induced by aphidicolin to form forty-one, fifty-five and 
twenty-seven FSs, respectively (Smeets et al. 1990). Furthermore, in 2000, twenty-
one FSs in Saimiri boliviensis (SBO) and twenty-four FSs in Alouatta caraya (ACA) 
were induced by FdU and compared with previously published eleven FSs in Cebus 
apella paraguayanus (CPA) (Fundia et al. 2000). In 2002, ninety-five cFSs were 
induced by aphidicolin in Macaca fasciculars (MFA) and thirty-eight of them 
corresponded to human cFSs (Ruiz-Herrera et al. 2002). Additionally, in 2005, 53 
FSs in CAP, 16 FSs in Cebus nigrivittatus (CNI) and 50 FSs in Mandrillus sphinx 
(MSP) were also induced by aphidicolin (Ruiz-Herrera et al. 2005a). Although primate 
FSs are conserved and homologous to human FSs, the relationship between ECBs 
and primate FSs still remain unclear on the molecular cytogenetic level; their relation 
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1.2.3 Fragile sites in human disease 
cFSs were shown to colocalize with chromosomal aberrations associated with 
tumorigenesis (Debacker and Kooy 2007). Most available studies are on FRA3B 
(FHIT gene) in human lung and breast cancer, FRA16D (WWOX gene) in prostate 
carcinoma and breast cancer, as well as FRA6E, FRA7G and FRA9E in ovarian 
cancer. However, the function of cFSs associated cancer genes remains still unclear 
and needs further to be validated. Folate sensitive rFSs mainly include FRAXA at 
Xq27.3 within FMR1 gene related to fragile X syndrome. FRAXE at Xq28 in FMR2 
gene and FRA12A at 12q13.1 in the DIP2B gene are associated with mental 
retardation, and FRA11B at 11q23.3 is associated with Jacobsen syndrome. 
However, some rFSs have not correlated with any disease, yet, such as FRA10A, 
FRA12A and FRA16A (Durkin and Glover 2007, Lukusa and Fryns 2008). In the non-
folate sensitive rFSs, FRA10B at 10q25.2 and FRA16B at 16q22.1 are the most 
frequent (Schwartz et al. 2006). Due to expression in normal individuals and no 
clinical phenotypic effects, non-folate sensitive rFSs have not been considered to be 
associated with human diseases but should be considered as a kind of chromosomal 
heteromorphism (Sutherland 2003, Lukusa and Fryns 2008). 
 
1.3 Cytogenetics in New and Old World Monkeys 
Non-human primates (NHPs) include prosimians, Old World Monkeys (OWMs), New 
World Monkeys (NWMs), lesser apes and great apes. There are ~354 primate 
species recognized by Groves (Groves 2001) but still new primate species are 
reported these days like Indochinese silvered langur and banded langur (Supanuam 
et al. 2015, Tanomtong et al. 2015). Numerous NHPs as experimental animals have 
been widely utilized in preclinical researches, and thus are critical to prevention and 
treatment of human diseases, for example for acquired immunodeficiency syndrome 
(AIDS), hepatitis virus, tuberculosis (TB), influenza virus, Parkinson's disease (PD), 
Alzheimer's disease (AD) and malaria (Vallender and Miller 2013). Taking into 
account that NHPs have a high degree of similarities to humans in terms of genetic 
mechanisms, developmental, immunologic and physiological features (Sibal and 
Samson 2001), OWMs and NWMs are considered as main choice of NHPs models in 
biomedical experiments.  
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OWMs and NWMs show high variation in their chromosomal constitutions, both 
between the two groups as well as within their groups. As it would lead too far to 
discuss this variety for all species below there is just given an overview on the 
karyotypes of the here studied species before this work was done. 
 
1.3.1 Old World Monkeys 




The genus Macaca is divided into six species-groups (M. sylvanus, M. nemestrina, 
Sulawesi, M. fascicularis, M. mulatta and M. sinica), including twenty species and 
twenty-eight subspecies (Groves 2001). Macaca species are distributed in Asia and 
Northern Africa, inhabiting various environments such as rainforests, mountains, and 
even cities (Fig. 4A, B and D). In present study, six species comprising M. 
fascicularis (MFA), M. arctoides (MAR), M. assamensis (MAS), M. nemestrina 
(MNE), M. Sylvanus (MSY) and M. mulatta (MMU) were studied. 
The diploid chromosome number was reported as 2n = 42 in MMU and MNE 
(Darlington et al. 1955). Y-chromosome is acrocentric and the smallest one on the 
basis of relative length and arm ratio (Rothfels et al. 1958). High-resolution G-
banding and Ag-NOR staining was done in MMU (Goodpasture et al. 1975, Small et 
al. 1985). Homologies of human and Macaca fuscata (MFU) were identified using all 
WCPs (Wienberg et al. 1992). Furthermore some chromosomal rearrangements in 
MFU were characterized by human locus-specific DNA probes (Ried et al. 1993) and 
over 600 bacterial artificial chromosome (BAC) clone probes were applied on MMU to 
reveal centromere position shift and the chromosomal rearrangements (Ventura et al. 
2007). Additionally, whole-genome sequencing and assembly of the genome of the 
MMU and MFA were reported (Gibbs et al. 2007, Higashino et al. 2012). 
 
1.3.1.2 White-handed gibbon (Hylobates lar; HLA, (Linnaeus, 1771))  
   9 
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HLA, known as ”lar gibbon” or white-handed gibbon, is placed in genus Hylobates 
that belongs to family Hylobatidae, and genus Hylobates is divided into four 
subgenus (Hylobates, Bunopithecus, Symphalangus and Nomascus) including 14 
species with overall 14 subspecies (Groves 2001). HLA mainly found in Southeast 
Asia such as Indonesia, Laos, Malaysia, Myanmar, most of Thailand and marginally 
into southern China (Fig. 4A).  
The karyotype of HLA was described as 2n = 44 (Hamerton et al. 1963). G-banding, 
quinacrine and Ag-NOR staining were applied in HLA (Tantravahi et al. 1975 and 
1976). Afterwards, chromosomal rearrangements of HLA were identified by DNA 
probes derived from all human chromosomes and showed a high degree of 
karyotype reshuffling (Jauch et al. 1992). Furthermore, reciprocal chromosome 
painting was introduced to establish homology maps between human and HLA 
(Müller et al. 2002). Mrasek and coworkers revealed 71 breakpoints present in HLA 
compared to HSA using MCB approach (Mrasek et al. 2003). Additionally, the 
extension, reciprocal arrangement, and orientation of chromosomal segments of HLA 
were characterized by over 1000 human BAC clones, involving a total number of 86 
ECBs (Misceo et al. 2008). Recently, the whole mitochondrial genome of HLA was 
sequenced to reconstruct phylogenetic relationships among three gibbon genus 
(Matsudaira and Ishida 2010), and also the next-generation whole genome 
sequencing was performed in genus Hylobates (Carbone et al. 2014). 
1.3.1.3 Silvery leaf monkey (Trachypithecus crisata; TCR, (Raffles, 1821))  
Genus Trachypithecus belongs to subfamily Colobinae (family Cercopithecidae), and 
this genus comprises five groups (T. vetulus, T. cristatus, T. obscurus, T. pileatus 
and T. francoisi) including 17 species with overall 26 subspecies (Groves 2001). TCR 
is also known as silvery leaf monkey or the silvery langur (Fig. 4A), which widely 
inhabits continental Southeast Asia, such as Myanmar, West-central Thailand, 
Cambodia, Laos, Vietnam and Southern China (Harding 2010, Fooden 1973, Roos et 
al. 2008). 
The karyotype of TCR was described as 2n = 44 (Hsu et al. 1970). G-, R- and Q- 
banding were analyzed in TCR (Dutrillaux et al. 1981, Ponsa et al. 1983, Muleris et 
al. 1986). Furthermore, karyotype analysis of male TCR revealed a translocation 
involving homologues of human Y chromosome and two autosomes (Dutrillaux et al. 
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1983). Additionally, chromosomal homologies between some but not all human and 
TCR chromosomes have been established using WCP (Bigoni et al. 1997).  
 
1.3.1.4 Grivet monkey (Chlorocebus aethiops; CAE, (Linnaeus, 1758))  
CAE known as grivet or African green monkey is placed in genus Chlorocebus that is 
divided into six species (C sabaeus, C. aethiops, C. djamdjamensis, C. tantalus, C. 
pygerythrus and C. cynosures) involving eight subspecies (Groves 2001). CAE is the 
most widespread African monkey and presents in Sudan, Djibouti, Ethiopia and 
Eritrea (Fig. 4D). In this study, CAE was chosen to consider the assumption that 
NWM ancestors came from Africa on the basis of morphological resemblance 
between NWM and the African anthropoid fossils (Schrago et al. 2003) and the 
African rafting source theory (Kay 2015); additionally a close similarity of single arms  
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Figure 4. The distribution of HLA, OMWs and NWMs species studied in this work. 
Geographic data taken from the International Union for the Conservation of Nature Red List 
of Threatened Species (http://www.iucnredlist.org/). 
of human and macaque banded chromosomes was reported for CAE chromosomes 
(Finelli et al. 1999). 
Comparative analysis of chromosomal banding between CAE and other monkeys 
was applied using G-, C-banding and Ag-NOR staining (Stock and Hsu 1973, Estop 
et al. 1978). Reciprocal chromosome painting was carried out by both CAE and 
human chromosome specific DNA probes (Finelli et al. 1999). A comparative genetic 
map between CAE and human autosomes was established by 360 human 
orthologous short tandem repeats (STRs) markers (Jasinska et al. 2007). Recently, 
whole-genome sequencing and de novo assembly for CAE genome 
(GCA_000409795.2) have been completed and published (Warren et al. 2015). 
 
1.3.2 New World Monkeys 
In this work the four following NWMs species were studied. 
 
1.3.2.1 Brown Howler (Alouatta caraya; ACA, (Humboldt, 1812))  
ACA is one of howler monkey species, classified in genus Alouatta (Atelinae, 
Platyrrhini). The species numbers range in literature between 9 and 14. Here it is 
referred to Groves who proposed the classification of 10 species and 5 subspecies in 
this genus (Groves 2001). Their geographic distribution is so wide that they are found 
in Argentina, Bolivia, Brazil and Paraguay (Fig. 4C). 
The first cytogenetic studies by standard staining reported that ACA chromosome 
numbers are 52 (Egozcue et al. 1966). Mudry and colleagues applied G-, C- and Ag-
NOR banding on ACA, respectively, and suggested a conserved karyotype in this 
genus (Mudry et al. 1984). Furthermore, ACA has a multiple sex chromosome 
system of the X1X1X2X2/X1X2Y1Y2 (Rahn et al. 1996). Afterwards, human and 
monkey chromosome-specific probes were applied in ACA, and revealed ACA-Y 
derived from translocations of regions being homologous to HSA#3 and HSA#15 (De 
Oliveira et al. 2002). Yet not all homologies of HSA and ACA chromosomes were 
characterized. 




1.3.2.2 Tufted capuchin (Cebus apella; CAP, (Linnaeus, 1758))  
This genus consists at least of Cebus capucinus and Cebus apella groups, including 
eight different species and nineteen subspecies (Groves 2001). CAP is one of 
several species in Cebus apella group. The geographic distribution is in South 
America, such as Peru, Bolivia, Brazil, French Guyana, Suriname, Guyana, and 
Venezuela (Fig. 4C). 
Cytogenetic studies revealed that CAP has 54 chromosomes (Bender et al. 1958). 
Afterwards, constitutive heterochromatin was further characterized by C-banding and 
Ag-NOR staining (Freitas et al. 1982). Furthermore, chromosomal homologies 
between humans and CAP were identified by WCP-FISH (Richard et al. 1996; Garcia 
et al. 2000). 
 
1.3.2.3 Common marmoset (Callithrix jacchus; CJA, (Linnaeus, 1758))  
The genus Callithrix comprises three subgenera (subgenus Callithrix, Mico and 
Gebuella) that include 18 species and two subspecies (Groves 2001). CJA is one of 
six species in Callithrix subgenus. CJA are widespread in Brazil. They distribute in 
the Northeastern and central forests of Atlantic coast and island, even living within 
cities (Fig. 4). 
The karyotype of CJA was firstly reported in 1962 and revealed chromosome 
numbers of 46 (Benirschke et al. 1962). Afterwards, R-banding was carried out and a 
basic nomenclature was proposed (Perrotez 1974). In 1977, C-banding and Ag-NOR 
staining was applied in CJA (Bedard et al. 1977). Furthermore, all human 
chromosome-specific probes were applied in CJA (Sherlock et al. 1996). Recently 
whole-genome sequencing and assembly of the genome of CJA as the first NWM 
have been done (Marmoset Genome Sequencing and Analysis Consortium 2014). 
 
1.3.2.4 Common squirrel monkey (Saimiri sciureus; SSC, (Linnaeus, 1758))  
Squirrel monkeys comprise different South American species and central American 
ones. The genus Saimiri has been divided into two groups (S. sciureus and S. 
boliviensis), which include five species and eight subspecies (Groves 2001). In this 
study, SSC as one of three species in S sciureus group was included. The 
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distribution of SSC is in Brazil, Colombia, Ecuador, French Guyana and Bolivia (Fig. 
4C). 
Uniform karyotypes of SSC have been described as 2n = 44 from five different South 
American regions (Jones et al. 1973). Furthermore, chromosomal banding analyses 
in SSC revealed 21 pairs of autosomes with XY sex system and polymorphisms in C-
banding and NORs (Jones et al. 1975, Goodpasture et al. 1975, Lau et al. 1977). In 
2000, FISH based with human chromosome paints in SSC was reported (Stanyon et 
al. 2000). Genome sequencing projects for SSC are underway or planned (Bosinger 




1.4 Goals of study/questions worked on 
The present study was based on previous work of our group on human FSs (Mrasek 
et al. 2010) and their putative relationship with ECBs, which was yet only studied in 
detail for one species (Hylobates lar; HLA; Mrasek et al., 2003). Thus, here the first 
detailed molecular cytogenetic analyses for four NWM species and eight OWM 
species, such as CAP (2n = 54), CJA (2n = 46), ACA (2n = 50) and SSC (2n = 44), 
CAE (2n = 60), TCR (2n=44) and six macaque subspecies (2n=42, MFA, MAR, MAS, 
MNE, MSY and MMU) was done to determine the ECBs of those species in detail. 
Also HLA was further studied here by microdissection and aCGH to characterize 
ECBs more precisely. Based on this data the following questions should be answered 
here: 
1) Are the detected ECBs and chromosomal rearrangements in 
concordance with previous published data? 
2) Are FSs really colocalized with ECBs? 
3) Are there different rates of ECB and FS colocalization in OWMs and 
NWMs? 








Here the list of published original papers is provided: 
 
1. Z Li, Q Zhang, J-H Mao, A Weise, K Mrasek, X Fan, X Zhang, T Liehr, KH Lu, 
A Balmain, W-W Cai. 2010. A HDAC1-binding domain within FATS bridges 
p21 turnover to radiation-induced tumorigenesis. Oncogene, 29:2659-
2671. 
2. X Fan, K Pinthong, H Mkrtchyan, P Siripiyasing, N Kosyakova, W Supiwong, A 
Tanomtong, A Chaveerach, T Liehr, M de Bello Cioffi, A Weise. 2013. First 
detailed reconstruction of the karyotype of Trachypithecus cristatus 
(Mammalia: Cercopithecidae). Mol Cytogenet, 6:58. 
3. X Fan, W Sangpakdee, A Tanomtong, A Chaveerach, K Pinthong, S 
Pornnarong, W Supiwong, VA Trifonov, GG Hovhannisyan, RM Aroutouinian, 
T Liehr, A Weise. 2014. Molecular cytogenetic analysis of Thai southern 
pig-tailed macaque (Macaca nemestrina) by multicolor banding. 
Proceedings of Yerevan State University, 2014:46-50. 
4. X Fan, W Sangpakdee, A Tanomtong, A Chaveerach, K Pinthong, S 
Pornnarong, W Supiwong, V Trifonov, G Hovhannisyan, K Loth, C Hensel, T 
Liehr, A Weise. 2014. Comprehensive molecular cytogenetic analysis of 
Barbary macaque (Macaca sylvanus).Biol J Arm, 66:98-102. 
5. X Fan, A Tanomtong, A Chaveerach, K Pinthong, S Pornnarong, W Supiwong, 
T Liehr, A Weise. 2014. High resolution karyotype of Thai crab-eating 
macaque (Macaca fascicularis). Genetika, 46:877-882. 
6. A Weise, N Kosyakova, M Voigt, N Aust, K Mrasek, S Löhmer, N Rubtsov, T 
Karamysheva, V Trifonov, D Hardekopf, T Jancuková, S Pekova, K Wilhelm, T 
Liehr, X Fan. 2015.Comprehensive analyses of white handed gibbon 
chromosomes enables access to 92 evolutionary conserved breakpoints 
compared to the human genome. Cytogenet Genome Res, 145:42-49. 
7. X Fan, W Supiwong, A Weise, K Mrasek, N Kosyakova, A Tanomtong, K 
Pinthong, VA Trifonov, M de Bello Cioffi, P Grothmann, T Liehr, EHC de 
Oliveira. 2015. Comprehensive characterization of evolutionary 
conserved breakpoints in four New World Monkey karyotypes compared 
to Chlorocebus aethiops and Homo sapiens. Helyon, Article No ~ e00042. 




Seven articles are bases of this work (Table 1). According to these articles mentioned 
above, they will be further discussed in the following for four aspects: 
1. Effectiveness and availability of molecular cytogenetic approaches to 
characterize new ECBs in OWMs and NWMs. 
2. Relation between ECBs in OWMs and NWMs with FSs observed in Homo 
sapiens. 
3. Is there a clinical significance between enhanced rates of ECBs, FSs and 
chromosomal breakpoints observed in human disorders. 
4. Chromosomal evolution of ECBs in OWMs and NWMs. 
 
Tab. 1 Seven articles relied on above standpoints. 
Articles 
No. 
Methodology ECBs FSs Breakpoints in 
human disorders 
Evolution 
in OWMs  in NWMs 
1 + - - + + - 
2 + + - + + + 
3 + + - - - + 
4 + + - - - + 
5 + + - - - + 
6 + - - + + + 
7 + + + + - + 
 
Finally, the questions from 1.4 are answered. 
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2.1 Article No. 1 
Z Li, Q Zhang, J-H Mao, A Weise, K Mrasek, X Fan, X Zhang, T Liehr, KH Lu, A 
Balmain, W-W Cai. 2010. A HDAC1-binding domain within FATS bridges p21 
turnover to radiation-induced tumorigenesis. Oncogene, 29:2659-2671. 
 
 
Abstract: There is a gap between the initial formation of cells carrying radiation-
induced genetic damage and their contribution to cancer development. Herein, we 
reveal a previously uncharacterized gene FATS through a genome wide approach 
and demonstrate its essential role in regulating the abundance of p21 in surveillance 
of genome integrity. A large exon coding the NH2-terminal domain of FATS, deleted 
in spontaneous mouse lymphomas, is much more frequently deleted in radiation-
induced mouse lymphomas. Its human counterpart is a fragile site gene at a 
previously identified loss of heterozygosity site. FATS is essential for maintaining 
steady-state level of p21 protein and sustaining DNA damage checkpoint. 
Furthermore, the NH2-terminal FATS physically interacts with histone deacetylase 1 
(HDAC1) to enhance the acetylation of endogenous p21, leading to the stabilization 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.2 Article No. 2 
X Fan, K Pinthong, H Mkrtchyan, P Siripiyasing, N Kosyakova, W Supiwong, A 
Tanomtong, A Chaveerach, T Liehr, M de Bello Cioffi, A Weise. 2013. First detailed 
reconstruction of the karyotype of Trachypithecus cristatus (Mammalia: 
Cercopithecidae). Mol Cytogenet, 6:58. 
 
 
Abstract: The chromosomal homologies of human (Homo sapiens = HSA) and 
silvered leaf monkey (Trachypithecus cristatus = TCR) have been previously studied 
by classical chromosome staining and by fluorescence in situ hybridization (FISH) 
applying chromosome-specific DNA probes of all human chromosomes in the 1980s 
and1990s, respectively. However, as the resolution of these techniques is limited we 
used multicolor banding (MCB) at ~250-band level, and other selected human DNA 
probes to establish a detailed chromosomal map of TCR. Therefore it was possible to 
precisely determine evolutionary conserved breakpoints, orientation of segments and 
distribution of specific regions in TCR compared to HSA. Overall, 69 evolutionary 
conserved breakpoints including chromosomal segments, which failed to be resolved 
in previous reports, were exactly identified and characterized. This work also 
represents the first molecular cytogenetic one characterizing a multiple sex 
chromosome system with a male karyotype 44,XY1Y2. The obtained results are 
compared to other available data for old world monkeys and drawbacks in hominoid 
evolution are discussed. 
 
  

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.3 Article No. 3 
X Fan, W Sangpakdee, A Tanomtong, A Chaveerach, K Pinthong, S Pornnarong, W 
Supiwong, VA Trifonov, GG Hovhannisyan, RM Aroutouinian, T Liehr, A Weise. 
2014. Molecular cytogenetic analysis of Thai southern pig-tailed macaque 




Abstract: In previous studies origin of human and ape chromosomes have been 
analyzed by comparative chromosome banding analysis and/or by fluorescence in 
situ hybridization (FISH). In the present study FISH-banding, i.e. multicolor banding 
using probes derived from Homo sapiens was applied to reanalyze the chromosomes 
of Thai southern pig-tailed macaque (Macaca nemestrina). The results agreed with 
those of previous studies in other macaques, e.g. Macaca sylvanus. Thus, genetic 
differences leading to the observed large morphological differences within the 
Ceropithecoidae must be in the subchromosomal or even epigenetic level and have 
to be discovered yet. 
 
  



















































   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   











   
  






























































































































   
   
   
   
















































   
   
   
   
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
   
   
   
   
  
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   













   
   
   
   
   
   
   
   
   
   










































































































































































































































































































































































































































































































































































































































































































   

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
   
   
   


















































































































































































































































































































































































































































































   
   



































































































































































































































































2.4 Article No. 4 
X Fan, W Sangpakdee, A Tanomtong, A Chaveerach, K Pinthong, S Pornnarong, W 
Supiwong, V Trifonov, G Hovhannisyan, K Loth, C Hensel, T Liehr, A Weise. 2014. 
Comprehensive molecular cytogenetic analysis of Barbary macaque (Macaca 
sylvanus).Biol J Arm, 66:98-102. 
 
 
Abstract: Comparative chromosome banding analysis and/or fluorescence in situ 
hybridization (FISH) studies are established approaches to compare human and ape 
chromosomes. FISH-banding is a relatively new and not routinely applied method 
suited very well to provide to a better understanding of the evolutionary history of 
primate and human phylogeny. Here multicolor banding (MCB) applying probes 
derived from Homo sapiens was used to analyze the chromosomes of Thai crab-
eating macaque (Macaca fascicularis). The results agreed with those of previous 
studies in other macaques, e.g. Macaca sylvanus or Macaca nemestrina. This result 
pinpoints, that morphological differences within the Ceropithecoidae must be founded 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.5 Article No. 5 
X Fan, A Tanomtong, A Chaveerach, K Pinthong, S Pornnarong, W Supiwong, T 
Liehr, A Weise. 2014. High resolution karyotype of Thai crab-eating macaque 
(Macaca fascicularis). Genetika, 46:877-882. 
 
 
Abstract: Origin of human and ape chromosomes has been studied by comparative 
chromosome banding analysis and by fluorescence in situ hybridization (FISH). As it 
is not always possible to determine exact breakpoints and distribution or orientation 
of specific DNA stretches by these approaches FISH-banding was applied in the 
present study to reanalyze the chromosomes of Barbary macaque (Macaca 
sylvanus). Interestingly, the results agreed with those of previous studies in other 
macaques, supporting the idea that the genetic differences leading to the observed 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.6 Article No. 6 
 
A Weise, N Kosyakova, M Voigt, N Aust, K Mrasek, S Löhmer, N Rubtsov, T 
Karamysheva, V Trifonov, D Hardekopf, T Jancuková, S Pekova, K Wilhelm, T Liehr, 
X Fan. 2015. Comprehensive analyses of white handed gibbon chromosomes 
enables access to 92 evolutionary conserved breakpoints compared to the 
human genome. Cytogenet Genome Res, 145:42-49. 
 
Abstract: Gibbon species (Hylobatidae) impress with an unusually high number of 
numerical and structural chromosomal changes within the family itself as well as 
compared to other Hominoidea including humans. In former studies applying 
molecular cytogenetic methods, 86 evolutionary conserved breakpoints (ECBs) were 
reported in the white-handed gibbon (Hylobates lar, HLA) with respect to the human 
genome. To analyze those ECBs in more detail and also to achieve a better 
understanding of the fast karyotype evolution in Hylobatidae, molecular data for 
these regions are indispensably necessary. In the present study, we obtained whole 
chromosome-specific probes by microdissection of all 21 HLA autosomes and 
prepared them for aCGH. Locus-specific DNA probes were also used for further 
molecular cytogenetic characterization of selected regions. Thus, we could map 6 yet 
unreported ECBs in HLA with respect to the human genome. Additionally, in 26 of the 
86 previously reported ECBs, the present approach enabled a more precise 
breakpoint mapping. Interestingly, a preferred localization of ECBs within segmental 
duplications, copy number variant regions, and fragile sites was observed. 
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Thueringer Univ.-& Landesbibliothek Jena
149.126.78.1 - 9/14/2015 2:13:28 PM
Results 
2.7 Article No. 7 
X Fan, W Supiwong, A Weise, K Mrasek, N Kosyakova, A Tanomtong, K Pinthong, 
VA Trifonov, M de Bello Cioffi, P Grothmann, T Liehr, EHC de Oliveira. 2015. 
Comprehensive characterization of evolutionary conserved breakpoints in four 
New World Monkey karyotypes compared to Chlorocebus aethiops and Homo 
sapiens. Helyon, Article No ~ e00042. 
 
 
Abstract: Comparative cytogenetic analysis in new world monkeys (NWMs) using 
human multicolor banding (MCB) probe sets were not previously done. Here we 
report on an MCB study complemented with selected locus-specific and 
heterochromatin specific probes in four NWMs and one old world monkey (OWMs) 
species, i.e. in Alouatta caraya (ACA), Callithrix jacchus (CJA), Cebus apella (CAP), 
Saimiri sciureus (SSC), and Chlorocebus aethiops (CAE), respectively. Thus 363 
evolutionary conserved breakpoints (ECBs) among those species were identified and 
compared with those of other species in previous reports. Especially for 
chromosomal regions being syntenic to human chromosomes 6, 8, 9, 10, 11, 12 and 
16 previously cryptic rearrangements could be observed. 50.4% (54/107) NWM 
ECBs were colocalized with those of OWM, 62.6% (62/99) NWM-ECBs were related 
with those of HLA and 66.3% (71/107) NWM-ECBs corresponded with those known 
from other mammalians. Furthermore, human fragile sites were aligned with the 
ECBs found in the five studied species and interestingly 66.3% ECBs colocalized 
with those fragile sites (FSs). Overall, this study presents detailed chromosomal 
maps of one OWM and four NWM species. Our data will be helpful to further 
investigation on chromosome evolution in NWM and hominoids in general. 
 
  

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































There is no doubt that nonhuman primates (NHPs) have a high degree of similarity 
with human at many levels including genetic. However, some researchers argue that 
NHPs models were unsuccessful when used for preclinical trials, and even increased 
the risk of disease because of species-specific differences (Shanks and Greek 2008). 
On the other hand numerous successful involvements of NHPs in preclinical studies 
can be mentioned. As NWMs, CAPs were used in Leishmania infection studies, CJA 
in Parkinson’s disease, ACA in yellow fever and SSC in testing vaccines against 
malaria. TCR as an OWM with multiple sex chromosome system served to 
investigate chromosomal rearrangements leading to reproductive diseases (Yoshida 
et al. 2012); additionally, CAE (OWM as well) was used in AIDS research, and 
macaques were widely tested in preclinical studies for Alzheimer's disease, HIV 
infection and hepatitis (Sibal and Samson 2001).  
Taken into account the ethical issues to avoid NHPs suffering or discomfort, in this 
work only peripheral blood samples and/or cell lines derived from NWMs and OWMs 
were used to prepare chromosomes, and six macaque species were chosen to 
exclude the influence of introgression leading to a mosaic genome. With increasing 
the number of NHPs analyzed, comparative cytogenetic studies can provide new 
insights into chromosomal evolution and the basics of chromosomal rearrangements, 
possibly transferable on how chromosomal defects in the human disorders appear. 
Even though whole-genome sequencing in various NHPs was performed, both, 
molecular cytogenetic data and high resolution genomic data is necessary to get full 
insights into what may have happened during primate evolution (Haus et al. 2014; 
article 7). 
As mentioned in result part (article 2-7), there were 73 ECBs in TCR, 53 in MNE, 
MSY and MFA, 41 in CAE, 51 in ACA, 44 in CAP, 47 in CJA, and 64 in SSC. 
Besides, for the three macaque species MMU, MAR and MAS the identical 53 ECBs 
were identified as for MNE, MSY and MFA. As shown in article 6 in HLA 92 ECBs 
were characterized by aCGH using a combination with microdissection. Totally, 730 
ECBs were followed during evolution and aligned with FSs observed in HSA. Overall, 
this work could provide new evidence of relationship of ECBs and FSs, as well as 
their relation to breakpoints observed in human disorders. Surely, the detailed 
   59 
 
Discussion 
characterization of those ECBs provided new insights into evolution of primates. 
These issues are discussed in the following paragraphs.  
 
3.1 Comparison and limitations of applied and available approaches 
Modern molecular cytogenetic techniques play an important role in human genetic 
diagnostics, especially the FISH approach is a helpful tool in the decisions of genetic 
consultation and also therapy to cancer (Bishop 2010). With the wide usage of 
experimental animals to study the pathogenesis of human disorders a basic 
understanding of genetic content of those animal models is essential. Thus, among 
others, also numerous comparative cytogenetic studies in NWMs and OWMs have 
been applied before, using multicolor chromosome painting and reciprocal 
chromosome painting to establish an overview on chromosome numbers, 
composition of syntenic blocks and types of evolutionary conserved rearrangements 
(Finelli et al. 1999, Neusser et al. 2001, Müller et al. 2001, De Oliveira et al. 2002). 
However, due to the limitations in resolution of such techniques some ECBs escaped 
detection. In this work application of multicolor banding (MCB) combined with human 
locus-specific and heterochromatin oriented probes could overcome these problems. 
MCB technique has been successfully applied previously for confirmation and 
detailed characterization of ECBs in interchromosomal and intrachromosomal 
rearrangements (Mrasek et al. 2001 and 2003). However, subtelomeric and 
centromere-near rearrangements can be missed by MCB (Karst et al. 2006). Thus 
locus specific probes directed against sub-centromere and sub-telomere were also 
applied (articles 2-7, unpublished data see appendix). Array-comparative genomic 
hybridization (aCGH) is normally performed to detect copy number variations in 
whole genomic DNA, but it cannot be used for analysis of balanced chromosomal 
rearrangements. However, it is possible as reported in article 6 to combine aCGH 
with glass-needle-based microdissection. Thus it could be effectively applied for the 
characterization of ECBs of HLA. As it is a very laborious approach no further 
species were studied the same way here.  
In this study the main focus was on chromosomal evolution. In the literature, next-
generation sequencing (NGS) technology was meanwhile applied for mapping of 
chromosomal breakpoints at the nucleotide base level (Carbone et al. 2014). As 
discussed in article 7, it is difficult to correctly annotate sequences and accurately 
   60 
 
Discussion 
assemble genomes without knowledge of the exact karyotype. Also repetitive DNA 
present in heterochromatic regions cannot be analyzed by NGS approaches. 
Therefore, in this work the human heterochromatin oriented heterochromatin mix 
(HCM) FISH set was applied to identify the presence and distribution of the 
corresponding repetitive elements in the studied species (articles 2-7, unpublished 
data see appendix). Even though some progress is to be expected by forthcoming 
third-generation sequencing technologies including long-read technologies, high-
quality finished long-insert clones and new assembly algorithms (Alkan et al. 2011) it 
is technically not possible to align repetitive sequences correctly, yet. Thus, FISH will 
be a key player here in the future as well. 
 
Key points: Multicolor banding (MCB) combining with locus specific probes was an 
effective tool to characterize new ECBs for the first time in OWMs and NWMs. The 
identification and characterization of 730 ECBs in the studied 13 species provided 
the bases to align them with FSs observed. 
 
3.2 Relationship between observed ECBs and FSs 
As aforementioned, overall 730 ECBs were identified, 524 of them involving in OWMs 
and 206 in NWMs species. As the ECBs characterized in HLA were re-studied by 
microdissection and aCGH and are detected by other means than the other 638, 
those 92 ECBs were omitted from further analyses. Thus, 56.3% (116/206) NWM 
ECBs colocalized with those of OWM (article 7), which further provided the molecular 
cytogenetic evidence for "fragile-breakage" hypothesis that ECBs are a non-random 
distribution event during evolution (Ruiz-Herrera et al. 2005b). Moreover this work 
revealed that these some chromosomes and/or certain chromosomal bands are more 
susceptible for break-events than others. For example, chromosomal break events 
were frequent both in OWMs and NWMs on the homologous human chromosomes 
#3, #7 and #9. This finding is in line with previous reports in mammalian species and 
primates (Shan et al. 2000, Ruiz-Herrera et al. 2008). Pevzner and Tesler (2003) also 
suggested that accumulation of ECBs in certain chromosomal regions in evolution. 
The possible reasons why ECBs appear in solid chromosomal regions were 
proposed by Becker and Lenhard (2007) that there is a limited proportion of loci 
involved in adaptive radiation and these loci remain unchanged since their function is 
   61 
 
Discussion 
essential to embryonic development of all vertebrates. Besides ECBs of NWMs were 
conserved in OWMs, numerous inducible monkey FSs presented colocalization with 
human FSs (Smeets et al. 1990, Fundia et al. 2000, Ruiz-Herrera et al. 2002 and 
2005a), and suggested these FSs were conserved during evolution. Furthermore, in 
Article 1 we reported that FS associated tumor suppressor (FATS) gene in mouse is 
also evolutionary conserved. Afterwards, our ECBs were aligned with monkeys FSs 
in this work (unpublished data see appendix). The results showed that low proportion 
of ECBs correlated with monkeys FSs. This is different from previous reports which 
suggested there is a significant correlation between ECBs and monkey FSs in both 
Papionini and Cebus species based on G-banding comparison and chromosomal 
painting (Ruiz-Herrera et al. 2005a). The possible explanations are that (i) an inter-
individual variability appeared in the expression of FSs (Ruiz-Herrera et al. 2005b). 
(ii) There might be limitations in resolution of previous applied techniques for 
characterization of the location of monkey FSs which led to mismatch with position of 
ECBs in this study. Thus, it is necessary to be re-evaluated previous monkey FSs 
data by current molecular cytogenetic approaches. In addition, the colocalization of 
features of DNA fragility are also needed to be assessed in ECBs and FSs, take into 
account that insertion of some dinucleotide repeats into AT-rich sequences is a 
feature of FS-induced instability; such regions are susceptible to DNA lesions 
induced by replication-blocking (Article 1). 
In concordance to previously published data (Ruiz-Herrera et al. 2006, Mrasek et al. 
2010), human FSs were further aligned with the ECBs in NWMs and OWMs (article 
7). Strikingly a high percentage of human FSs correlated with ECBs in OWMs and 
NWMs (for example 78.1% in TCR, 75.5% in macaques, 58.5% in CAE, 60.8% in 
ACA, 65.5% in CAP, 72.3% in CJA and 70.3% in SSC, respectively). The results are 
in line with article 6 that a high rate of coincidence (70.6%) between ECBs of HLA 
and human FSs. Our results suggested that ECB regions are highly relevant for and 
connected to FSs formation, possibly according to the FSs breakage frequency 
model that based on the statistical analysis (the FSs data from previous study by 
Mrasek) to predict the probability of a given region to be FSs and predict expected 
breakage frequency. This model suggested that the breakage frequency of FSs 
appears to increase in ECBs regions (Fungtammasan et al. 2012). Furthermore, 
article 6 has reported the colocalization of copy number variants (CNVs), FSs and 
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ECBs in HLA. CNVs were implicated in chromosomal rearrangements with high 
recombination rates, and FSs under replication stress may induce CNVs formation, 
which suggests CNVs play a role in chromosomal evolution, either as a cause or a 
consequence of chromosomal rearrangements. Additionally, some genes located at 
cFS actively monitor DNA damage response and have an important role in 
maintaining genomic stability (Article 1). Taken into account the concentration of FSs 
at ECB regions and evolutionary conserved FATS genes in tumors, the further 
assessment of relations between ECBs and breakpoints observed in human 
disorders will serve to illustrate pathological significance of ECBs. 
 
Key points: ECBs in NWMs were partially conserved from those in OWMs; the 
chromosomes homologous to human #3, #7 and #9 present a yet unexplained high 
frequency of break events in OWMs and NWMs. This work provides further evidence 
of a correlation of human FSs and ECBs that was characterized here for the first time 
in OWMs and NWMs. 
 
3.3 Implications of obtained results for understanding of breakpoints 
observed in human genetic diagnostics 
According to our previous publications about constitutional balanced chromosomal 
rearrangements, 529 break events from 251 patients were exactly identified by 
multicolor banding (MCB) and/or subcentromeric multicolor fluorescence in situ 
hybridization (subcenM-FISH). ~71% of the studied break-events showed 
colocalization with FSs, which provided evidence for correlation of breakpoints 
involved in constitutional chromosomal rearrangements and FSs (Liehr et al. 2011). A 
possible relationship between ECBs and breakpoints that was observed in 
constitutional chromosomal rearrangements was further investigated (see in 
appendix). This study revealed that there was colocalization in 64.3% of the studied 
ECBs in TCR, 71.7% in each macaque species, 58.5% in CAE, 74.5% in ACA, 
77.3% in CAP, 78.7% in CJA and 81.25% in SSC, respectively (unpublished data see 
appendix). This results confirm previous reports that ECBs were colocalized with 
breakpoints detected in human pathologies based on G-banding comparisons and 
whole chromosome paints (WCP) (Ruiz-Herrera et al. 2005b), and further support the 
hypothesis that the distribution of pathological chromosomal breakages are 
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nonrandom but preferably form in chromosomal bands prone to breakage also during 
evolution. 
Interestingly, more than 50% of ECBs colocalizing with human FSs correspond to 
breakpoints observed in human disorders (unpublished data see appendix). 54.8% 
correspond to that of TCR, 58.5% in each macaque species, 52.3% in CAP, 57.4% in 
CJA and 60.9% in SSC, whereas in CAE and ACA species, the percentage of 
correspondence is less than 50% (34.1% and 49.01%, respectively). These results 
further suggest that ECB regions could be considered as “hot zones” for FS formation 
as well as breakpoints detected in human pathologies. Also, intrachromosomal 
telomeric sequences (ITSs) are genetic marker that integrated into chromosomes 
due to rearrangement and are mostly located at breakpoints (Ruiz-Herrera et al. 
2005a). Thus, the further detection of the distribution of ITSs in NWMs and OWMs to 
compare with those in human could serve to provide genomic information of 
chromosomal reorganization. 
As aforementioned, there are enhanced rates of chromosomal rearrangements 
involving homologous human chromosome #3, #7 and #9 in OWMs and NWMs 
(article 2-5 and 7). This observation is in concordance with our previous report that 
the distribution of clinical cytogenetic breakpoints was not uniform and unaffected by 
the size of the chromosomes (Liehr et al. 2011). With further analysis of these three 
chromosomes, we observed that some ECBs not only co-localized with human FSs 
but also corresponded to human clinical breakpoints in certain chromosomal bands. 
In particular, seven chromosomal bands (3p25.3, 3p11.1, 3q12.1, 3p21.31, 7q11.23, 
9p24.3 and 9q34) showed higher frequencies present both in OWMs and NWMs. 
Taking into account that FSs were implicated as regions of chromosomal instability 
associated with cancer and ECBs had pathological consequences, I searched these 
chromosomal bands in Mitelman and OMIM database (http://omim.org/ and 
http://cgap.nci.nih.gov/Chromosomes/Mitelman). The searching results showed that a 
large number of the cancer cases and the Mendelian disease loci related 
chromosomal aberrations have most frequently hit by three chromosomal bands 
where 3p21.31, 7q11.23 and 9q34 (see table 2 in appendix). These three bands 
including the large number of repetitive elements, CNVs and segmental duplications 
(Ruiz-Herrera et al. 2006, Yatsenko et al. 2009) that are susceptible to increase the 
probability of structural fragility in both evolutionary and disease-associated 
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chromosome rearrangements (Darai et al. 2005), which played a role in known 
human disorders, such as tumor suppressor genes (TSGs) of the lung and breast 
cancer in 3p21.31, Williams–Beuren syndrome (WBS) in 7q21.31 and chronic 
myelogenous leukemia (CML) in 9q34 (Berg et al. 2007). Furthermore our results 
support the hypothesis of article 6 that ECBs could affect in the phenotype directly or 
indirectly, either due to interruption of genes or due to position effects influencing the 
expression/regulation of corresponding genes. Overall, this study provides the 
potential evidence of ECBs implicated in human disorders.  
 
Key points: ECBs in this work had a high positive correlation with chromosomal 
breakpoints in human disorders. Moreover, more than 50% of ECBs colocalizing with 
human FSs correspond to breakpoints observed in human disorders, involving seven 
highly frequent homologous chromosomal bands. 
 
3.4 Impact of the conducted research in evolutionary research 
3.4.1 ECBs and phylogeny 
In OWMs, firstly we characterized TCR specie with a multiple sex chromosome 
system by molecular cytogenetic procedures, which provided new insights into 
chromosomal constitution and evolution (article 2). Secondly, we confirmed that there 
are no gross cytogenetic differences between macaque species (articles 3-5 and 
unpublished data see appendix). Thirdly, CAE has higher chromosome numbers as a 
result of fission mechanisms during evolution. Characterization of CAE chromosomal 
structures was considered as evolutionary markers to place it as outgroup of NWM 
phylogeny (article 7). Finally, the chromosomal rearrangements of eight OWM 
species including TCR, CAE and six macaque species (MAR, MAS, MMU, MFA, 
MNE and MSY) have been completed to compare with HSA. Our results provided a 
clue to reveal a relationship of the chromosomal evolution in OWMs based on 
common chromosomal rearrangements as cladistics markers. For example, the 
unique translocations homologous to human 1/19, 5/Y and 6/16 homologs were 
observed in TCR as a landmark distinct from macaques and CAE (subfamily 
Cercopithecinae). Meanwhile, the homologous associations of 7/21 and 20/22 
homologs in macaques that resulted in reduced chromosome number were 
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confirmed. The reconstruction of relationship in OWMs was consistent with previous 
molecular phylogenetic tree on the basis of 54 genes (Perelman et al. 2011).  
In four NWMs, our results confirmed the previous suggestion that the NWMs are a 
closely related group of species, and further confirmed previous results on the sub-
chromosomal region level (De Oliveira et al. 2002). As mentioned in the article 7, four 
NWMs shared associations homologous to human 3/21, 14/15, 10/16 and 8/18 as 
well as several chromosomal segments from fission events. The common 
translocation of human 9/22 homologs in both ACA and CJA presented a difference 
from a sister group of CAP and SSC. These observations demonstrated that CJA 
was to place together with ACA as one clade. Furthermore, CAP and SSC had a 
closer relationship than other two species, due to two shared translocations and two 
inversions (article 7). Our results were consistent with previous morphological studies 
(Ford 1986), however mismatched to recent molecular phylogenetic tree 
(Finstermeier et al. 2013). It is a constructive suggestion that uncoupled molecular 
and morphological evolution affected the likelihood of reconstructing similar 
phylogenetic relationships (Perez et al. 2014). Therefore, phylogenetic history merely 
relied on previous molecular trees, need be reevaluate. The issue of NWM 
phylogenetic relationship still is debated on the basis of distinct molecular and 
morphological datasets, however, chromosomal evolution studies in as many species 
as possible can also give new insights to reach a final conclusion on primate 
evolution. 
 
Key points: Shared chromosomal rearrangements can be used as cladistics 
markers to reconstruct linkage. Unique translocations in TCR can be as a landmark 
to separate this species from macaques and CAE (subfamily Cercopithecinae). 
Additionally, CAP and SSC can now be considered as closer related and being 
distinct from a sister group consisting of CJA and ACA. However, the phylogenetic 
relationship in NWMs still remains discussed controversy due to uncoupled molecular 
data and morphological evolution, affecting the reconstruction similar phylogenetic 
relationships. Therefore, chromosomal evolution studies of sufficient species will 
provide to come to clearer conclusions. 
 
3.4.2 Centromere positioning in OWM and NWM 
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Centromere repositioning with chromosomal rearrangement process is a widespread 
phenomenon in genome evolution. It is well known that the centromeric regions do 
not contain identical alphoid DNA stretches; this is understood as a hint on faster 
evolution of these genomic regions compared to others, euchromatic ones 
(Archidiacono et al. 1995). In this work, subcentromeric and subtelomeric probes that 
located next to centromeres and telomeres were applied besides MCB. In OWMs, 
twenty-two of all TCR chromosomes (2n = 44) are conserved with those of HSA and 
in 50% of TCR chromosomes centromeric positions have changed (article 2). This 
percentage of centromere repositioning is similar to those in six macaque species 
(article 3-5, unpublished data see table 3 in appendix). Ventura and co-workers 
suggested neo-centromeres in macaque could be rapidly stabilized by acquiring new 
alpha satellite DNA (Ventura et al. 2007). 
However, more than 60% of centromeric shifts appeared in CAE and four NWMs 
chromosomes (article 7). It is a possible explanation that centromeres in OWMs and 
NWMs followed an independent evolutionary path (Montefalcone et al. 1999). 
Additionally, we confirmed the previous report that the position of centromere can 
change along the chromosome without any chromosomal rearrangements (Rocchi et 
al. 2009), for example in ACA#11 and SSC-X (article 7). According previously 
discussed for HLA (Mrasek et al. 2003) identical regions can be used twice for 
centromere-seeding, and regions being telomeric in HSA can be centromeric 
positions in OWMs and NWMs (article 2-5 and 7), for example TCR#1, ACA#1, 
CAE#12, CAP#7, CJA#13 and SSC#5. Moreover, a similar finding was reported for 
the centromere of human chromosome 15 that occurred in the telomeric region of the 
short arm of the ancestral chromosome 15/14 association (Ventura et al. 2004). 
Evolutionary neo-centromeres appearance in telomeric regions may be affected by 
the spread of subcentromeric duplications, owing to relatively frequent duplicon 
exchanges between subcentromeric and subtelomeric duplications (Bailey et al. 
2002). 
 
Key points: Centromere repositioning occurs very often during chromosomal 
evolution. In present study, the percentages of conserved centromeres in TCR and 
macaque species are similar to those of centromere shift, however, a slightly higher 
percentage of centromere repositioning appeared in CAE and four NWMs. Take into 
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account the present interspecific differences, centromeres in OWMs and NWMs 
underwent an independent evolutionary path. 
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4. Conclusion and Outlook 
Evolutionary conserved breakpoints (ECBs) in Old World Monkeys (OWMs) and New 
World Monkeys (NWMs) were characterized by human multicolor banding (MCB) 
probe sets complemented with selected locus-specific and heterochromatin specific 
probes. Thus, in this work numerous new ECBs were characterized for the first time 
in eight OWMs and four NWMs, such as TCR, MNE, MSY, MFA, MMU, MAR, MAS, 
CAE, ACA, CJA, CAP and SSC. Based on alignment of obtained ECBs and fragile 
sites (FSs) observed in Homo sapiens (HSA), more precise conclusions can be 
drawn concerning the relationship of ECBs and FSs as well as their correspondence 
to breakpoints that observed in human disorders. 
Thus the questions raised in 1.4 can be answered as follows: 
(1) In this study ECBs and chromosomal rearrangements were detected 
effectively by multicolor banding (MCB) combining with locus specific probes, 
which confirmed previous published data in OWMs and NWMs. Importantly, 
the identification and characterization of numerous new ECBs for the first time 
in OWMs and NWMs provide the bases to align them with FSs observed in 
HSA. 
(2) In OWMs and NWMs, our results showed a positive correlation of ECBs and 
human FSs.  
(3) A high percentage of human FSs colocalized with ECBs in OWMs and NWMs 
e.g. 78.1% in TCR, 75.5% in macaques, 58.5% in CAE, 60.8% in ACA, 65.5% 
in CAP, 72.3% in CJA and 70.3% in SSC, which provides full insights into a 
relationship of human FSs and ECBs.  
(4) In the aspect of human disease, ECBs of the studied species had a high 
positive correlation with chromosomal breakpoints that can be observed in 
human disorders. A cancer related breakpoint was studied in more detail. 
 
Overall, for medical field this data is important as FSs now clearly were aligned on 
molecular level with ECBs. In other words the disease associated chromosomal 
defects, seem at least in parts be due to breakage prone regions of the 
mammalian genome. The fact that breakpoint regions are now narrowed down 
more precisely is important prerequisite for further comparative studies to 
understand the genomic mechanism of ECBs and FSs. In the future we will 
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attempt to microdissect whole chromosome-specific probes of the here studied 
species and prepare them for aCGH. Afterwards, locus-specific DNA probes will 
be applied for further characterization of regions of interest to resolve ECBs 
involved in balanced as well as in unbalanced rearrangements. This approach will 
enable a more precise breakpoint mapping to obtain most comprehensive 
information on ECBs. At last, next-generation whole genome sequencing may 
provide additional insights into specific gene information and functional 
mechanisms linked with large-scale changes during speciation. 
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The lists of unpublished data 
The distribution of ECBs in OWMs and NWMs compared with breakpoints (BP) in 
human disorders, human Fragile sites (FSs) and monkey FSs (unpublished data 
are marked in bold). 
No. TCR BP in human disorders Human FSs Monkey FSs 
1 1p33.2 n.a. n.a. n.a. 
2 1p22 n.a. 1p22 1p22 
3 1q22 n.a. n.a. n.a. 
4 1q24 n.a. n.a. n.a. 
5 1q41 1q41 1q41 n.a. 
6 2p25.3 n.a. 2p25 n.a. 
7 2q14.1 2q14.2 2q14.2~14.3 n.a. 
8 2p22.3 n.a. 2p22~23 n.a. 
9 2q21 n.a. 2q21.3 2q21 
10 2q24.2 2q24.2 2q24 n.a. 
11 2q31 2q31 2q31 2q31 
12 3p26.3 n.a. 3p26 n.a. 
13 3p25.3 3p25 3p25 3p25.3 
14 3p22.3 n.a. 3p22 n.a. 
15 3p21.31 3p21.32  3p21 n.a. 
16 3p12.3 n.a. n.a. n.a. 
17 3p11.1 3p11.2 3p11/q11 n.a. 
18 3q12.1 3q12.1 3q12 3q12.1 
19 3q22.1 n.a. 3q22 n.a. 
20 3q25.2 3q25.1 3q25 n.a. 
21 3q27.1 3q27 3q27 3q27.1 
22 3q29 3q29 3q29 n.a. 
23 4p12 n.a. 4p12 n.a. 
24 4q22 4q22 4q22 n.a. 
25 5p15.2 n.a. 5p15 n.a. 
26 5p12 n.a. n.a. 5p12 
27 5q11.2 n.a. 5q11 5q11.2 
28 5q21 5q21.2 5q21 n.a. 
29 5q31.2 5q31.1 5q31.1 5q31.2 
30 5q35.3 5q35.3 5q35 n.a. 
31 6p25.3 6p25.1 6p25.1 6p25.3 
32 6p21 6p12.3~21.1 6p21.1 6p21 
33 6q15 6q15 6q15 6q15 
34 6q21 6q21 6q21 6q21 
35 7p22.3 n.a. 7p22 7p22.3 
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36 7p15.3 7p15.3 n.a. 7p15.3 
37 7q11.1 n.a. 7q11.1 7q11.1 
38 7q11.23 7q11.23 7q11.23 7q11.23 
39 9q34.3 9q34.3 9q34 n.a. 
40 9p24.3 9p24.2 9p24 9p24.3 
41 9q33 ~ 34.1 9q33~34.1 9q33 n.a. 
42 10p15.3 n.a. 10p15 n.a. 
43 10p11.2 10p11.2 10p11.2 10p11.2 
44 10p11.1 10p11.1~11.21 10p11.2 10p11.1 
45 10q11.1 10q11.1 n.a. n.a. 
46 10q21.1 10q21.1 10q21 10q21.1 
47 10q22.3 n.a. n.a. 10q22.3 
48 11p15.5 n.a. n.a. 11p15.5 
49 11p15.3 11p15.3 11p15.3-p15.4 11p15.3 
50 11q12 11q12.1 n.a. n.a. 
51 12p13.33 12p13.33 12p13 n.a. 
52 13q12.1 n.a. n.a. n.a. 
53 13q14 13q14.1 13q14 13q14 
54 13q32 n.a. 13q32 13q32 
55 14q11.2 n.a. 14q11.2 n.a. 
56 15q11.2 15q11.2 15q11.2 n.a. 
57 15q26.1 15q26.1 15q26 n.a. 
58 16p13.1 16p13.1 16p13.11 16p13.1 
59 17p11.1 n.a. 17p11.1 n.a. 
60 17q21.3 17q21.1 17q21 17q21.3 
61 17q24 17q24.1~24.2 17q24~25 n.a. 
62 18q21 18q21.33~q22.1 18q21.3 or 18q22 n.a. 
63 19p13.2 n.a. 19p13.2 n.a. 
64 19q13.2 19q13.1~13.2 19q13 19q13.2 
65 19q13.43 19q13.33~13.41 19q13 19q13.43 
66 20p12 20p12 20p12.2 20p12 
67 20p11.1 n.a. n.a. 20p11.1 
68 20q11.1 20q11.23 20q11.2 n.a. 
69 21q11.2 21q11.21 21q11.2 n.a. 
70 22q11.21 22q11.21 n.a. n.a. 
71 Yp11.31 Yp11.3 n.a. n.a. 
72 Yp11.2 Yp11.2 n.a. n.a. 
73 Yq11.23 Yq11.23 n.a. n.a. 
Correlation  64.3% 78.1% 43.8% 
No. Macaque BP in human disorders Human FSs Monkey FSs 
1 1q23.3 1q23.3 1q23 n.a. 
2 1q42.13 1q42 1q42 1q42 
3 2p11.2 2p11.2 2p11.2 n.a. 
4 2q11.1 2q11.1 2p11/2q11 2q11.1 
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5 2q14.1 2q14.2 2q14.2~14.3 n.a. 
6 2q21.1 2q14.3~21.2 n.a. 2q21.1 
7 2q22.1 2q22 2q22.3 n.a. 
8 3p26.3 n.a. 3p26 n.a. 
9 3p25.3 3p25 3p25 3p25.3 
10 3p22.3 n.a. 3p22 n.a. 
11 3p12.3 n.a. n.a. n.a. 
12 3p11.1 3p11.2 3p11/q11 n.a. 
13 3q12.1 3q12.1 3q12 3q12.1 
14 3q22.1 n.a. 3q22 n.a. 
15 3q25.2 3q25.1 3q25 n.a. 
16 3q27.1 3q27 3q27 3q27.1 
17 3q29 3q29 3q29 n.a. 
18 4p15.3 4p15.1 4p15 4p15.3 
19 4q10 n.a. n.a. n.a. 
20 6p24 n.a. n.a. n.a. 
21 6q25.2 6p25.1 6q25 6q25.2 
22 6q21 6q21 6q21 6q21 
23 6q24.3 n.a. n.a. n.a. 
24 7p22.3 n.a. 7p22 7p22.3 
25 7p22.1 n.a. 7p22 7p22.1 
26 7p21.3 7p21.1 7p21 n.a. 
27 7q11.23 7q11.23 7q11.23 7q11.23 
28 7q21.3 7q21.3 n.a. 7q21.3 
29 7q22.1 7q22 7q22 7q22.1 
30 9p24.3 9p24.2 9p24 9p24.3 
31 9q21.11 9q21.1 9q21 n.a. 
32 9q22.33 9q22.3 n.a. 9q22.33 
33 9q33.2 9q33 9q33 n.a. 
34 9q34 9q34.1~34.2 9q34 n.a. 
35 10q11.23 10q11.23 10q11.2 n.a. 
36 10q23.2 10q23.2 n.a. n.a. 
37 11p15.4 n.a. 11p15.4 11p15.4 
38 11q13.4 11q13.3~13.5 11q13.3 11q13.4 
39 13q21.31 13q21.3 13q21.3 13q21.31 
40 14q11.2 14q11.1 n.a. n.a. 
41 15q25 n.a. 15q25 n.a. 
42 15q26.3 15q26.3 15q26 n.a. 
43 16q22.1 16q22.1 16q22.1 16q22.1 
44 16q22.3 n.a. 16q22 16q22.3 
45 17q12 n.a. n.a. n.a. 
46 17q21.32 17q21.33 17q21 17q21.32 
47 17q23.3 17q23.3 n.a. 17q23.3 
48 18q21.2 n.a. n.a. 18q21.2 
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49 20p13 20p13 20p13 20p13 
50 20p11.21 n.a. 20p11.23 20p11.21 
51 20q11.21 20q11.23 20q11.2 n.a. 
52 21q11.2 21q11.21 21q11.2 n.a. 
53 22p13 22p12~13 n.a. n.a. 
Correlation  71.7% 75.5% 49.05% 
No. CAE BP in human disorders Human FSs Monkey FSs 
1 1q22 n.a. n.a. n.a. 
2 1q42.3 1q42 1q42 1q42.3 
3 2q12.2 2q12 n.a. n.a. 
4 3p26.3 n.a. 3p26 n.a. 
5 3p25.3 3p25 3p25 3p25.3 
6 3p22.3 n.a. 3p22 n.a. 
7 3p12.3 n.a. n.a. n.a. 
8 3p11.1 3p11.2 3p11/q11 n.a. 
9 3q12.1 3q12 3q12 3q12.1 
10 3q22.1 n.a. 3q22 n.a. 
11 3q27.1 3q27 3q27 3q27.1 
12 4q12 n.a. 4q12 n.a. 
13 5q14.1 n.a. 5q14 5q14.1 
14 6q16.1 n.a. n.a. n.a. 
15 6q16.3 n.a. 6q16.3 n.a. 
16 6q24.3 n.a. n.a. n.a. 
17 7p22.3 n.a. 7p22 7p22.3 
18 7q11.21 7q11.21 7q11.2 7q11.21 
19 7q11.23 7q11.23 7q11.23 7q11.23 
20 7q21.11 7q21.11 n.a. 7q21.11 
21 9p24.3 9p24.2 9p24 9p24.3 
22 9p11 9p11.1~12 n.a. n.a. 
23 9q11 9q11 n.a. n.a. 
24 9q22.32 9q22.3~q31.1 n.a. 9q22.32 
25 10q21.3 n.a. 10q21 10q21.3 
26 10q23.33 n.a. 10q23.3 n.a. 
27 11p15.5 n.a. n.a. 11p15.5 
28 11q12.1 11q12.1 n.a. n.a. 
29 11q14.1 11q14 11q14.2 11q14.1 
30 13q11.1 n.a. n.a. n.a. 
31 14q11.1 14q11.1 n.a. n.a. 
32 14q13.3 14q13 14q13 14q13.3 
33 15q11.1 15q11.1 n.a. n.a. 
34 15q24.1 15q24 15q24 15q24.1 
35 15q26.3 15q26.3 15q26 n.a. 
36 17q12 n.a. n.a. n.a. 
37 17q25.3 n.a. 17q25 17q25.3 
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38 20p13 20p13 20p13 20p13 
39 21q22.3 21q22.3 n.a. 21q22.3 
40 21q11.1 21q11.21 21q11.2 n.a. 
41 22q11.1 22q11.1~11.21 n.a. n.a. 
Correlation  58.5% 58.5% 46.3% 
No. ACA BP in human disorders Human FSs Monkey FSs 
1 1p22.2 n.a. 1p22 1p22.2 
2 1p12 1p12 n.a. n.a. 
3 1q31.2 1q31.2 1q31 n.a. 
4 2q14.3 2q14.3 2q14.3 n.a. 
5 2q37.3 2q37.1 n.a. 2q37.3 
6 3p26.3 n.a. 3p26 n.a. 
7 3p25.3 3p25 3p25 3p25.3 
8 3p21.31 3p21.3 3p22 or 3p21 n.a. 
9 3p12.3 n.a. n.a. n.a. 
10 3p11.1 3p11.2 3p11/q11 n.a. 
11 3q12.1 3q12 3q12 3q12.1 
12 3q22.1 n.a. 3q22 n.a. 
13 3q27.1 3q27 3q27 3q27.1 
14 4q26 n.a. n.a. n.a. 
15 4q28.3 4q28~31.1 n.a. 4q28.3 
16 5p15.33 n.a. 5p15 n.a. 
17 5p12 n.a. n.a. 5p12 
18 5q11.2 n.a. n.a. n.a. 
19 5q31.3 5q31.1 n.a. 5q31.3 
20 5q35.3 5q35.3 5q35 n.a. 
21 6p22.3 n.a. n.a. 6p22.3 
22 6p25.3 6p25.1 6p25 6p25.3 
23 7p22.3 n.a. 7p22 7p22.3 
24 7q11.23 7q11.23 7q11.23 7q11.23 
25 7q21.11 7q21.11 n.a. 7q21.11 
26 8p11.21 8p11.22 8p11 n.a. 
27 8q11.21 n.a. 8q11 n.a. 
28 8p23.3 8p23.3 8p23.3 8p23.3 
29 9p24.3 9p24.2 9p24 9p24.3 
30 9p11 9p11.1~12 n.a. n.a. 
31 9q22.32 9q22.3~q31.1 n.a. 9q22.32 
32 10p11.22 10p11.2 10p11.2 10p11.22 
33 10q11.22 10q11.23 10q11.2 n.a. 
34 10q21.1 10q21.1 10q21 10q21.1 
35 11p15.5 n.a. n.a. 11p15.5 
36 11q12.2 11q12.1 n.a. n.a. 
37 11q14.3 11q14 11q14.2 11q14.3 
38 11q25 11q25 n.a. n.a. 
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39 13q11.1 n.a. n.a. n.a. 
40 14q11.1 14q11.1 n.a. n.a. 
41 15q11.1 15q11.1 n.a. n.a. 
42 15q23 15q23 n.a. n.a. 
43 15q24.1 15q24 15q24 15q24.1 
44 16p13.12 16p13.1 16p13.11 16p13.12 
45 16p11.1 16p11.1 16p11/q11 16p11.1 
46 16q11.1 16q11.1 16p11/q11 n.a. 
47 16q24.3 16q24 16q24 n.a. 
48 18p11.32 18p11.32 18p11.3 18p11.32 
49 20p13 20p13 20p13 20p13 
50 21q11.1 21q11.21 21q11.2 n.a. 
51 22q11.1 22q11.1~11.21 n.a. n.a. 
Correlation  74.5% 60.8% 49% 
No. CAP BP in human disorders Human FSs Monkey FSs 
1 1p12 1p12 n.a. n.a. 
2 1q31.2 1q31.2 1q31 n.a. 
3 2q14.3 2q14.3 2q14.3 n.a. 
4 3p26.3 n.a. 3p26 n.a. 
5 3p25.3 3p25 3p25 3p25 
6 3p21.31 3p21.3 3p22 or 3p21 n.a. 
7 3p12.3 n.a. n.a. n.a. 
8 3p11.1 3p11.2 3p11/q11 n.a. 
9 3q12.1 3q12 3q12 3q12 
10 3q22.1 n.a. 3q22 n.a. 
11 3q26.33 3q26.3 3q26 3q26.3 
12 5q35.3 5q35 5q35 n.a. 
13 6p25.3 n.a. 6p25 6p25.3 
14 6p21.33 6p21.3~22.1 n.a. 6p21.33 
15 7p22.3 n.a. 7p22 7p22.3 
16 7q11.23 7q11.23 7q11.23 7q11.23 
17 7q21.11 7q21.11 n.a. 7q21.11 
18 8p11.21 8p11.22 8p11 n.a. 
19 8q11.21 n.a. 8q11 n.a. 
20 9p24.3 9p24.2 9p24 9p24.3 
21 9p11 9p11.1~12 n.a. n.a. 
22 9q13 9q13 9q13 n.a. 
23 10p11.22 10p11.2 10p11.2 10p11.22 
24 10q11.22 10q11.23 10q11.2 n.a. 
25 10q23.33 n.a. 10q23.3 n.a. 
26 11p15.5 n.a. n.a. 11p15.5 
27 11q12.2 11p12~13 n.a. n.a. 
28 11q25 11q25 n.a. n.a. 
29 12p13.2 12p13.1 12p13 n.a. 
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30 12q12 12q12 n.a. 12q12 
31 13q11.1 n.a. n.a. n.a. 
32 14q11.1 14q11.1 n.a. n.a. 
33 14q21.2 14q21 14q21.2 14q21.2 
34 15q11.1 15q11.1 n.a. n.a. 
35 15q24.1 15q24 15q24 15q24.1 
36 16p11.1 16p11.1 16p11/q11 16p11.1 
37 16q11.1 16q11.1 16p11/q11 n.a. 
38 17p13.3 17p13.3 n.a. n.a. 
39 17q12 n.a. n.a. n.a. 
40 18p11.32 18p11.32 18p11.3 18p11.32 
41 20p13 20p13 20p13 20p13 
42 20q11.1 20q11.23 20q11.2 n.a. 
43 21q11.1 21q11.21 21q11.2 n.a. 
44 22q11.1 22q11.1~11.21 n.a. n.a. 
Correlation  77.3% 65.5% 49% 
No. CJA BP in human disorders Human FSs Monkey FSs 
1 1p36.33 1p36.33 1p36 1p36 
2 1p12 1p12 n.a. n.a. 
3 1q31.2 1q31.2 1q31 n.a. 
4 2q14.3 2q14.3 2q14.3 n.a. 
5 3p26.3 n.a. 3p26 n.a. 
6 3p25.3 3p25 3p25 3p25 
7 3p21.31 3p21.3 3p22 or 3p21 n.a. 
8 3p12.3 n.a. n.a. n.a. 
9 3p11.1 3p11.2 3p11/q11 n.a. 
10 3q12.1 3q12 3q12 3q12 
11 3q22.1 n.a. 3q22 n.a. 
12 3q26.33 3q26.3 3q26 3q26 
13 5q35.3  5q35 n.a. 
14 6p25.3 6p25.1 6p25 6p25.3 
15 6p21.33 6p21.3~22.1 n.a. 6p21.33 
16 7p22.3 n.a. 7p22 7p22.3 
17 7q11.21 7q11.21 7q11.21 7q11.21 
18 7q11.23 7q11.23 7q11.23 7q11.23 
19 7q31.31 n.a. n.a. 7q31.31 
20 7q36.3 7q36.3 7q36 n.a. 
21 8p11.21 8p11.22 8p11 n.a. 
22 8q11.21 n.a. 8q11 n.a. 
23 8p23.3 8p23.3 8p23.3 8p23.3 
24 8q22.2 n.a. n.a. 8q22.2 
25 8q24.3 8q24.3 8q24.3 8q24.3 
26 9p24.3 9p24.2 9p24 9p24.3 
27 9p11 9p11.1~12 n.a. n.a. 
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28 9q22.32 9q22.3~q31.1 n.a. 9q22.32 
29 9q34.3 9q34.3 9q34 n.a. 
30 10p11.21 10p11.2 10p11.2 10p11.21 
31 10q11.22 10q11.23 10q11.2 n.a. 
32 10q23.33 n.a. 10q23.3 n.a. 
33 11q11.2 11p11.2~12 11p11.2 or 11p12 n.a. 
34 11q12.2 11q12.1 n.a. n.a. 
35 11q14.3 11q14 11q14.2 11q14.3 
36 13q11.1 n.a. n.a. n.a. 
37 13q13.3 13q13 13q13.2 13q13.3 
38 14q11.1 14q11.1 n.a. n.a. 
39 15q11.1 15q11.1 n.a. n.a. 
40 15q24.1 15q24 15q24 15q24.1 
41 16p11.1 16p11.1 16p11/q11 16p11.1 
42 17p13.3 17p13.3 n.a. n.a. 
43 17q25.3 n.a. 17q24-25 17q25.3 
44 18p11.32 18p11.32 18p11.3 18p11.32 
45 20q13.33 20q13.32 20q13.3 20q13.33 
46 21q11.1 21q11.21 21q11.2 n.a. 
47 22q11.1 22q11.1~11.21 n.a. n.a. 
Correlation  78.7% 72.3% 48.9% 
No. SSC BP in human disorders Human FSs Monkey FSs 
1 1p12 1p12 n.a. n.a. 
2 1q31.2 1q31.2 1q31 n.a. 
3 2p13.1 2p13.1 2p13 2p13.1 
4 2q14.3 2q14.3 2q14.3 n.a. 
5 3p26.3 n.a. 3p26 n.a. 
6 3p25.3 3p25 3p25 3p25.3 
7 3p22.3 n.a. 3p22 n.a. 
8 3p21.31 3p21.3 3p22 or 3p21 n.a. 
9 3p14.1 n.a. n.a. 3p14.1 
10 3p12.3 n.a. n.a. n.a. 
11 3p11.1 3p11.2 3p11/q11 n.a. 
12 3q12.1 3q12 3q12 3q12.1 
13 3q22.1 n.a. 3q22 n.a. 
14 3q24 3q24 n.a. n.a. 
15 3q26.33 3q26.3 3q26 3q26.33 
16 3q27.1 3q27 3q27 3q27.1 
17 4q26 n.a. n.a. n.a. 
18 4q35.2 4q35 4q35 4q35.2 
19 5q34 5q34 5q34 n.a. 
20 5q35.3 5q35.3 5q35 n.a. 
21 6p25.3 6p25.1 6p25 6p25.3 
22 6p21.33 6p21.3~22.1 n.a. 6p21.33 
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23 7p22.3 n.a. 7p22 7p22.3 
24 7p15.3 7p15.3 n.a. 7p15.3 
25 7p11.2 7p11.2 7p11.2 7p11.2 
26 7q11.23 7q11.23 7q11.23 7q11.23 
27 7q21.11 7q21.11 n.a. 7q21.11 
28 8p11.21 8p11.22 8p11 n.a. 
29 8q11.21 n.a. 8q11 n.a. 
30 9p24.3 9p24.2 9p24 9p24.3 
31 9q13 9q13 9q13 9q13 
32 9q31.2 9q22.3~q31.1 9q31 n.a. 
33 9q34.13 9q34.1~34.2 9q34 n.a. 
34 9q34.3 9q34.3 9q34 n.a. 
35 10p15.3 n.a. 10p15 n.a. 
36 10p14 n.a. n.a. n.a. 
37 10p11.1 10p11.1~11.21 10p11.2 10p11.1 
38 10p11.22 10p11.2 10p11.2 10p11.22 
39 10q11.22 10q11.23 10q11.2 n.a. 
40 11p15.5 n.a. n.a. 11p15.5 
41 11q14.3 11q14 11q14.2 11q14.3 
42 11q25 11q25 n.a. n.a. 
43 12p13.2 12p13.3 12p13 n.a. 
44 12q12 12q12 n.a. 12q12 
45 13q11.1 n.a. n.a. n.a. 
46 14q11.1 14q11.1 n.a. n.a. 
47 14q21.2 14q21 14q21.2 14q21.2 
48 14q23.1 14q22~23 14q22 or 14q23 n.a. 
49 14q32.13 14q32.1 14q32 n.a. 
50 14q32.22 14q32.2 14q32 n.a. 
51 15q11.1 15q11.1 n.a. n.a. 
52 15q21.2 15q21.2 15q21 n.a. 
53 15q23 15q23 n.a. n.a. 
54 15q24.1 15q24 15q24 15q24.1 
55 16p13.3 16p13.3 n.a. 16p13.3 
56 16q11.1 16q11.1 16p11/q11 n.a. 
57 16q24.3 16q24 16q24 n.a. 
58 18p11.32 18p11.32 18p11.3 18p11.32 
59 19p13.3 19p13.3 n.a. n.a. 
60 20p13 20p13 20p13 20p13 
61 20q11.1 20q11.23 20q11.2 n.a. 
62 20q13.33 20q13.32 20q13.3 20q13.33 
63 21q11.1 21q11.21 21q11.2 n.a. 
64 22q11.1 22q11.1~11.21 n.a. n.a. 
Correlation 81.25% 70.3% 42.1% 
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Table 2. The distribution of cases of cancer and human diseases involving ECBs 
bands recorded in databases. 
High frequencies ECB in 
chromosomal bands 
No. cases in Mitelman database No. cases in OMIM 
3p25.3  434 9 
3p11.1 543 7 
3q12.1 375 2 
3p21.31 1200 21 
7q11.23 1174 51 
9p24.3 540 8 
9q34.3 5531 54 
 
Table 3. The centromere positioning in OWMs and NWMs 
 TCR Macaques CAE ACA CAP CJA SSC 
Conserved 
centromeres (CCen) 
22 22 22 10 18 14 12 
Neo-centromeres 
(Ncen) 
22 20 38 42 36 32 32 
Diploid number 2n 44 42 60 52 54 46 44 
        
% CCen 50% 52.3% 36.7% 19.2% 33.3% 30.4% 27.3% 
% Ncen 50% 47.6% 63.3% 80.8% 66.7% 69.9% 72.7% 
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